Short-term administration of Galactosamine to experimental animals causes liver damage and acute liver failure (ALF), as well as acute renal failure in some cases. The aim of our study was to describe kidney disorders that developed in the course of galactosamine-induced liver failure.
Background
Galactosamine (GAL) is a 6-carbon amino sugar derivative of galactose. Under physiological conditions, it is a component of specific glycoprotein hormones, such as follicle-stimulating hormone or luteinizing hormone [1] . GAL is a potent hepatotoxic substance, which can cause hepatocyte death both by necrosis and apoptosis. It inhibits the synthesis of liver RNA via the production of uridine diphosphate hexosamines, which block the transcription of genetic material [2] . According to 1 study, GAL seems to sensitize liver cells to other hepatotoxic agents (e.g., intestinal endotoxins), and TNF-a may be a major mediator of this damage [3] . Due to the damage that GAL causes to liver cells, it is used in experimental models of acute liver failure (ALF).
Short-term administration of GAL to experimental animals causes liver damage and ALF [4] . Kepler et al. [5] showed that GAL administered to rats caused diffuse inflammation and liver damage. Successive studies confirmed the hepatotoxic potential of GAL, with a significant difference noted in the susceptibility of different animal species to the toxic effects of the compound [3] . Rats and rabbits proved to be sensitive to GAL, but mice were resistant, and the sensitivity of dogs depended on the type of substance used for general anaesthesia [6] [7] [8] [9] . An ideal model of ALF is still missing. Although the GAL-based model is not perfect and does not fully reflect the picture of human ALF, the general consensus is that it is an appropriate model for studying the pathogenesis and treatment of ALF, particularly in small experimental animals [4] .
Few studies have examined renal complications in the course of experimental GAL-induced ALF. Anand et al. [2] showed that acute renal failure occurred in the absence of changes in renal histopathology, in addition to acute liver damage, in rats following administration of GAL. Javlé et al. [10] and Makin et al. [11] observed a significant reduction in renal blood flow, in addition to hemodynamic changes in the splanchnic vascular bed following the administration of GAL to rats. We also found that animals rapidly developed functional acute renal failure, the development and the degree of which depended on the strain of animal tested, in addition to acute damage and liver failure, following intoxication with GAL [12] . However, the previous studies investigated the impact of other factors on the development of ALF and associated complications rather than the ALF model itself. Thus, the evaluation of renal disorders in those studies was only a background, not a primary objective.
The mechanisms underlying the transition from liver damage to renal failure have not been fully explained, and the lack of knowledge on these mechanisms makes it difficult to study the pathogenesis and treatment of ALF and its complications in humans. Therefore, the aim of this study was to describe all detectable kidney disorders that developed in the course of GAL-induced experimental liver failure.
Material and Methods

Animals
The research project was approved by the Local Ethical Committee for Experiments on Animals. The study included 24 randomly selected male Sprague-Dawley rats. All weighed 200-250 g and were obtained from the Department of Laboratory Animals of the Polish Mother's Memorial Hospital Research Institute, Lódź, Poland. All animals were kept in standard cages, fed a standard diet, and had free access to water and food. They were all maintained under a natural 12-h diurnal day/night cycle, at a constant temperature of 22±2°C and constant humidity of 45-50%. The experiments were performed between 10.00 and 18.00 h on naturally moving animals performing normal activities. During the experiments, the animals were placed individually in metabolic cages with free access to food and water. All experiments were performed in accordance with the principles of The Animals Scientific Procedures Act 1986. Chemicals D-α-galactosamine hydrochloride (Sigma-Aldrich, Germany) was administered intraperitoneally to the rats in the test group at a concentration of 200 mg/ml in physiological saline. The control group received an equivalent volume of saline.
Experimental protocols
The animals were randomly divided into 2 groups (n=12 in each): a control group (Group 1) and a test group (Group 2) in which the acute liver damage was induced. Group 1 received 1 ml of 0.9% saline intraperitoneally, and Group 2 received 1.1 g of GAL intraperitoneally per kg body weight in a solution of 0.9% saline at a concentration of 200 mg/ml.
Urine was collected daily for 24 h starting from the 24th to 48th hour after the administration of saline or GAL and analyzed immediately after collection. Blood samples of 6-ml volume were collected 48 h after the administration of GAL or saline from the beating heart of the animals under deep general anaesthesia. Biochemistry was determined in serum or urine using an Integra 700 autoanalyzer (Roche, USA), and reagents for the determination of bilirubin, aspartate aminotransferase, alanine aminotransferase, albumin, sodium, potassium, creatinine and urea were obtained from Roche (Germany). The ammonia level in the plasma was determined with EDTA-K 3 anticoagulant using a Vitros 5600 autoanalyzer, (Johnson & Johnson, USA), and reagents for ammonia determination were obtained from Johnson & Johnson. An automatic osmometer (Knauer, Germany) was used to measure the osmolality of the urine and serum. Urine specific gravity was measured with a Junior II Miditron analyser (Roche Diagnostics, France), and reagents were purchased from Roche Diagnostics (France). Proteinuria was measured daily using an AU 680 analyser (Beckman Coulter, USA), and reagents for the determination of proteinuria were purchased from Beckman Coulter (USA).
Creatinine clearance was calculated according to the following formula:
where creat u is the creatinine concentration in urine, creat s is the creatinine concentration in blood serum, and V U 24 h is the daily urine volume.
Osmolality clearance was calculated according to the following formula:
Osmolality clearance (osmol cl) (ml/24 h) = (U osm × V U 24 h )/P osm, where U osm is the osmolality of the urine, V U 24 h is the daily urine volume, and P osm is the plasma osmolality.
The plasma osmolality was calculated according to the following formula:
P osm = 2 × (Na s + K s + urea s ), where Na s is the sodium concentration in the blood serum, K s is the potassium concentration in blood serum, and urea s is the urea concentration in blood serum.
Free water clearance was calculated according to the following formula:
Free water clearance (FW cl) (ml/24 h) = V U 24 h -osmol cl, where V U 24 h is the daily urine volume, and osmol cl is the osmolality clearance.
The excreted fraction of sodium was calculated according to the following formula:
Fractional sodium excretion (FE Na %) (%) -(creat s /Na u ) / (Na s /creat u ) * 100%, where Na u is the sodium concentration in urine, Na s is the sodium concentration in blood serum, creat u is the creatinine concentration in urine, and creat s is the creatinine concentration in blood serum.
Free water reabsorption was calculated according to the following formula:
Free water reabsorption (FW reab) (ml/24 h) = osmol cl -V U 24 h, where osmol cl is the osmolality clearance, and V U 24 h is the daily urine volume.
Preparation of liver and kidney sections
After blood collection, the liver and kidney of each of the test animals were prepared for histopathological examination. The organs were placed in formalin, embedded in paraffin, cut into ultra-thin sections, and finally stained with hematoxylin and eosin. Next, 2 independent pathologists evaluated the preparations under a light microscope.
Statistical analysis
Statistical analyses were performed with the Student's t-test and an analysis of variance when multiple comparisons were needed. Where necessary, the Mann-Whitney U test was applied for the analysis of nonparametric data. A p value <0.05 was assumed as the level of significance. All data are expressed as means ± standard deviation.
Results
Profile of liver parameters after GAL-induced intoxication Table 1 shows the liver parameters of the rats, indicating the development of acute liver damage and failure. Compared to the control group, the administration of GAL at a dose of 1.1 g/kg body weight caused severe liver damage and the development of ALF after 48 h, with a statistically significant increase in plasma levels of alanine aminotransferase (p<0.001), aspartate aminotransferase (p<0.0001), bilirubin (p<0.004), and ammonia (p<0.005) and a statistically significant decrease in albumin (p<0.001) ( Table 1 , Figure 1 ). GAL administration led to the development of hepatic encephalopathy in all animals tested, while 10 animals developed hepatic coma (83%) in clinical assessment.
Histopathological examination of the liver
Histopathological evaluation of the liver of the test animals showed generalized and massive hepatocyte necrosis ( Figure 2A ). In addition, diffused degenerative changes were 1471 Table 2 shows the renal parameters of the rats, indicating the development of acute renal failure. Compared to the control group, the administration of GAL at a dose of 1.1 g/kg bodyweight resulted in elevated indices of liver damage and failure, as well as the development of acute renal failure. The test group also showed a significant increase in serum concentrations of creatinine (p<0.001) and urea (p<0.001), a reduction in creatinine clearance (p<0.0012), and a reduction in daily urine volume (p<0.003) (Table 2, Figure 3 ). The water and electrolyte balance of the test group were typical of functional renal failure, with a significant decrease in osmotic clearance (p<0.001), daily natriuresis (p<0.003), fractional sodium excretion (p<0.016), and daily diuresis (p<0.003), and an increase in the urine specific gravity and osmolality, although the last 2 parameters were statistically insignificant. In addition, the ratio of urine osmolality to plasma osmolality did not change significantly; the ratio of the concentration of creatinine in urine to serum creatinine significantly decreased (p<0.0052); free water clearance increased (p <0.001), and free water reabsorption decreased (p<0.001). Moreover, the daily loss of proteins significantly decreased (p<0.007) ( Table 2 , Figure 3 ). Other parameters of water and electrolyte balance dysfunction and acute renal failure are presented in Table 2 .
Profile of kidney parameters after GAL-induced intoxication
Gr. (n) ALT s IU/L AST
Histopathological examination of the kidney
Renal histopathology showed no changes in the test group ( Figure 4A ) or the control group ( Figure 4B ).
Discussion
Renal complications in the course of experimental ALF have not been sufficiently studied. This work is the first report in the current literature to present a detailed description of water and electrolyte balance disorders and the development of acute renal failure as a consequence of acute damage and liver failure. In the present study, renal failure developed rapidly in a typical manner, with a parallel increase in nitrogen retention parameters and a decrease in creatinine clearance and Table 2 . Renal parameters in rats after galactosamine injection.
* p<0.05. 24 h urine -twenty-four-hour urine collection; creat s -serum creatinine; urea s -serum urea; creat cl -creatinine clearance; Na s -serum sodium; K s -serum potassium; osmol p -plasma osmolality; creat u -urine creatinine; urea u -urine urea; Na u -urine sodium; K u -urine potassium; Na u 24 h -24 h urine sodium excretion; osmol u -urine osmolality; osmol cl -osmolal clearance; FW cl -free water clearance; FE Na % -ejected fraction of sodium; osm u /osm p -urine osmolality/plasma osmolality ratio; creat u /creat s -urine creatinine/serum creatinine ratio; FW reab -free water reabsorption; SG u -specific gravity of urine; protein u -concentration of protein in urine; protein u 24 h -24h proteinuria, p -value of p. Biochemical parameters were evaluated 48 hours after saline or gal injection. 24h urine samples were collected during 24 hours from 24 th to 48 th hour after saline or gal injection and evaluated 48 hours after saline or gal injection. Values are means ±SE, significance -p<0.05. Group 1 -sham, group 2 -given 1.1 g/kg of GAL. daily diuresis. The osmotic clearance, daily natriuresis, and fractional sodium excretion values decreased, whereas those of urine osmolality and its specific gravity increased. Hence, the kidneys retained the ability to concentrate urine and retained osmotically effective osmolytes. The aforementioned, together with the lack of changes in the histopathological analyses of the kidneys, suggests that the kidneys remained functioning. The unchanged urine to plasma osmolality and urine to serum creatinine ratio after GAL intoxication also indicate that GAL was not directly toxic to the kidneys. The preserved renal tubular function and intact structure of the whole nephron also point to the functional nature of the kidney disorders. Other studies found similar findings, reporting no adverse effect of GAL in cell lines of renal tubules, even at much higher concentrations than those applied in our study [2, 13] . These observations are also consistent with previous studies of the effect of GAL in experimental animals that reported only hepatotoxic effects [10, 11] .
Various methods can be used to induce acute renal failure in surgical, pharmacological, and infectious ALF models [3, 14] . Surgical models include partial or total hepatectomy, temporary or permanent hepatic artery ligation, or ligation of the common bile duct [15] [16] [17] . Pharmacological models are based on the hepatotoxic properties of compounds, such as GAL, carbon tetrachloride, acetaminophen, thioacetamide, concanavaline A, or lipopolysaccharides [3, 9, [18] [19] [20] . Infectious models attempt to infect experimental animals with different hepatotropic viruses [21] . None of the aforementioned models provide an ideal ALF model because they do not accurately reflect clinical, biochemical, and histopathological ACF observed in humans. However, their diversity and the use of different animal species provide sufficient tools to study the pathogenesis and therapeutic possibilities of ALF. Terblanche and Hickman [22] described 6 features of an ideal model of ALF: 1) it should be reversible (i.e., react to the potential treatment; 2) it should be reproducible, with recurrent, characteristic endpoints; 3) the damage and liver failure should be a direct cause of death in experimental animals; 4) it should have a 'therapeutic window' (ie, sufficient time to implement the proposed treatment); 5) it should be possible to use the model in large experimental animals, where the treatment could include artificial liver support systems; and 6) the techniques and toxins or viruses applied should be as safe as possible for researchers and other individuals undertaking the experiments.
The presented model of GAL-induced intoxication of animals meets most of the above criteria. It is reproducibly established that liver damage and failure are the direct cause of death of the animals, it has an appropriate therapeutic window, it can be used in large experimental animals, and it is safe for scientists carrying out the experiments. Although the partial reversibility may be a limitation, the results of some studies suggested that certain substances can slow down the development of GAL-induced ALF [23, 24] . As noted previously, the model of ALF used in the present study is employed less frequently than other models, and its value is probably underappreciated [5] . However, it has recently become more widely accepted due to standardization of methodology and standardization of clinical, morphological, and biochemical parameters of ALF [2, 25] . In the model employed in the present study, the animals were intoxicated with a GAL dose of approximately 1 g/kg bodyweight at a concentration of 200 mg/ml in saline solution, which was administered intraperitoneally [26] . Experiments can be performed after 48 h when acute damage of hepatic parenchyma develops, leading to liver failure. The damage results in a very significant increase in the level of cellular enzymes alanine and aspartate aminotransferases, as well as bilirubin, in 
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License serum [27] . Simultaneously, the synthetic activity (decreased albumin) and metabolic and detoxifying functions of the liver decline (increased concentration of ammonia), coagulopathy develops, and the histopathological picture is dominated by massive necrosis of hepatocytes [28] . Severe liver damage leads to hemodynamic changes in the splanchnic vascular bed, with portal pressure, venous inflow, and intrahepatic portosystemic shunt all increased. Mean arterial pressure is reduced, mainly due to decreased peripheral vascular resistance, and the myocardial ejection fraction increases, which leads to the development of hyperdynamic circulation [29] . The vascular bed in the kidneys becomes contracted, particularly within the cortical vessels [11] . Renal function tests demonstrate a marked decline by more than 50% in renal blood flow and the glomerular filtration rate, with a simultaneous increase in urea and creatinine in serum [10] . Daily excretion of sodium is reduced, but the excretion of fractional sodium varies only slightly. The following parameters do not change: osmolality of the urine, ratio of urine osmolality to plasma osmolality, and free water clearance [2] .
It seems that the GAL-induced experimental ALF model in the present study meets the rigorous criteria of an appropriate ALF model proposed by Terblanche and Hickman [22] . However, taking into account previous descriptions of the model and, above all, our results, the question arises as to whether it is solely a model of acute liver failure. Acute renal failure develops in this model in a relatively short time (about 48 h) after intoxication of animals with GAL. As it appears, it is only of functional nature. The deterioration of the glomerular filtration rate is accompanied by a reduction in osmotic clearance and daily natriuresis and an increase in urine osmolality. The ratio of urine osmolality to plasma osmolality does not change. Therefore, the kidneys retain the ability to concentrate urine, and their histopathological examination shows no changes. The clinical situation in which acute functional renal failure develops in the course of acute damage and liver failure is known as hepatorenal syndrome (HRS) [30, 31] . In this syndrome, liver disease is the only etiological factor of kidney failure. In contrast, renal failure with oliguria, hyperazotemia, and hyponatremia develops in the absence of clinical, laboratory, and histological characteristics of any known renal disease, leading to renal failure [32, 33] . This is the case in the ALF model described above and presented in our study.
Firstly, damage to the liver in the present study caused by GAL is the only cause of acute renal failure. GAL had no direct toxic effect on the structure of kidneys in common with that reported in previous studies [2, 13] . Secondly, the pathogenesis of the development of renal failure in this model corresponds with the mechanisms observed in typical HRS. It progresses from damage to the liver parenchyma to the development of portal hypertension, enlargement of the splanchnic vascular bed, reduction of the effective volume of fluid in the systemic circulation, and subsequent vascular baroreceptor stimulation, followed by activation of numerous vasoconstriction factors, including the renin-angiotensin system, sympathetic nervous system, or arginine vasopressin system. These mechanisms lead to renal cortical vasoconstriction, renal hypoperfusion, and renal failure. Javle et al. [10] observed that the administration of GAL to rats increased acute liver damage, portal pressure, venous inflow, and intrahepatic portosystemic shunting and that renal blood flow was subsequently reduced significantly, particularly in the renal cortical vessels. They also reported that the glomerular filtration rate was lower. Thirdly, the acute renal failure in the present study is of a purely functional nature. Other studies reported a similar finding. For example, Anand et al. [2] showed that following intraperitoneal administration of GAL to rats, in addition to acute liver damage, acute renal failure occurred in the absence of changes in renal histopathology. Furthermore, the kidneys in the current study retained the ability to concentrate urine, indicating the functional nature of the developing renal disorder. Therefore, it seems that the presented model is not only a model of ALF but also of HRS. However, opinions on this subject are divided, with some authors not sharing this view [2] .
The model discussed is not the HRS model that develops in patients with cirrhosis and ascites. The etiology, pathogenesis, time of the emergence of symptoms and prognosis differ in these cases. The model that can mimic the mechanism of cirrhotic HRS is (e.g., chronic intoxication with carbon tetrachloride [CCl 4 ]) administered by inhalation or orally [34, 35] . CCl 4 is administered for several weeks. After this time, ascites, elevated liver enzymes, hyponatremia, and hypoalbuminemia develop [36] . Peripheral vascular resistance is decreased, mean arterial pressure is reduced, and cardiac output is increased. The histopathological examination of the liver shows a typical picture of cirrhosis [37] . Renal disorders are dominated by an increase in sodium and water retention, with no apparent decrease in the glomerular filtration rate and renal blood flow [38] . However, some researchers emphasize the possibility of a direct toxic effect of CCl 4 on the kidneys [39] . It is not known whether renal failure is derived solely from liver damage or additional toxic damage to the kidneys.
In contrast, intoxication of animals with GAL models the situation of patients with ALF and the development of acute renal failure during the onset of ALF. According to some authors, the model in the present study should be considered simply as a model of ALF and its complications and not as a model of typical HRS [40, 41] . We believe that the difference between these opinions stems solely from the various classifications and definitions of HRS (i.e., whether acute renal failure per se falls within the definition of HRS). According to the stance and modified definition in 2007 of the International Ascites Club, HRS induced by acute liver damage is included in this classification as a type IV separate syndrome [42] . In our opinion, this view is completely legitimate. As indicated above, despite the different etiology of the mechanisms leading to renal failure, they coincide, at least partially, in both chronic and acute liver damage. These include disorders of the splanchnic vascular bed and hemodynamic changes in the systemic circulation and renal cortical vessels. Therefore, in our opinion, the experimental model of ALF caused by GAL intoxication can be simultaneously treated as a model of HRS in the course of acute damage and liver failure. In Table 3 we present short specification of the experimental model of ALF/HRS induced by galactosamine intoxication.
Conclusions
In the present study, acute GAL-induced intoxication of experimental animals caused acute damage and hepatic failure and secondary development of acute renal failure. This acute renal failure was of a functional nature, with the kidneys retaining the ability to concentrate urine and retain sodium, and no changes were observed in the histopathological examination. Therefore, it seems that the GAL-induced experimental model of ALF can be simultaneously treated as a model of HRS that occurs in the course of acute damage and liver failure.
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GAL administration led to the development of hepatic encephalopathy in all animals tested, while 10 animals developed hepatic coma (83%). GAL -galactosamine; ALF -acute liver failure; ARF -acute renal failure; FRF -functional renal failure; b.w. -body weight; i.p. -intraperitoneally; ALT -alanine aminotransferase; AST -aspartate aminotransferase; NH 3 -ammonium; 24 h u collection -24 h collection of urine; Na u 24 h -24 h urine excretion of sodium; FE Na % -fraction of ejected sodium.
